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ABSTRACT 


One of the most successful models mimicking the 
physical properties and Catalytic activity Of carbonic 
anhydrase 1S tris—(4,5-di-1so-propyi—2-imidazoly)) 
phosphine: 2n- 5 The present work deals with the synthesis 
and physical studies of three analogous compounds: 

DP bis 4, 5-di—wso-propy 1 —-2—-1midazely!) —2Z=imidazoly! — 
phosphine:2n** (5:Zn°*) 2) bis-(4,5-di-iso-propyl-2- 
imjdazolylj—4(5)=hydreoxyethyl~2-amidazoly i phosphine:2Zn~* 
(6 ise eands 3) tris-( 4, 5—-di-n-propy i272 -amadazoly 1) 
seGeraae ame S Ga ae 

The aforementioned compounds were prepared by means 
2 a nucleophilic Gisplacement of the corresponding 2- 
imudeazory anions On phosphorous trichloride and their 
ie and oY complexes were studied as active site 
models for carbonic anhydrase. In order to be considered 
good models for the active site of carbonic anhydrase 
the ligands must be shown to bind gn* or Cost strongly 
in a tridentate fashion,therefore, the metal binding 
ability of the compounds was assayed using a potentio- 
Netricoititratvon. =f0 ot theme proved tenbind wer better 
than Conn a property that as shared with the native 
enzyme. 

NMR studies of the ligands as a function of [zn] 


were performed. From these it was found that the three 
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compounds exist as 1:1] complexes and that two of them 


+ 
(Seen? and @22n-1) undergo a dynamic exchange on the 


NM timescale indicative of an imidazole debinding, 
tautomerization and rebinding through the opposite 
Nitrogen. 

The coordination number around the metal was 
indicated via the UV-visible spectra of the Come complexes. 
While some 4 or 5 coordination was observed for the Co(IT) 
Complexes Of 5 and G only 7 showed a predomanant amount 
Sivithis. cre effect Of vaittierent anions on the coordination 
number was assayed by studying the UV-visible spectra of 
the eo complexes in the presence of added anions. A 
strong dependence of the coordination numbers with the 
G@urterent anions was found (Cle affording the largest 
amounts Of §4 or 57 coordination). 

Pineally, the catalytic activity was assayed from 
the agirection Cf bicarbonate dehydration. The three 
Uycanes proved to be active but this activity as small 
when compared to the enzyme. The compound that afforded 


+ 
maximum activity was ates followed by 5:2n° and then 


Bore me efrect Of AMhibItory anions: was Studied 


by adding these to the solution containing the compound 
under study. Cl proved to be the best inhibitor, 


2+: nec 
however, compounds 5:2n°* and 732n Still® showed vactavity 


even in the presence of large amounts of added anion. 
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All of the previous experiments afforded values for 


ene which is a summation of ke and k_ for the reaction 
x 
under study (HCO, ao CO,). A saturation phenomenon 
ve 


in the equilibration rate was observed as a function of 
increasing [NaHCO,], but the system proved too complicatec 
to derive a complete rate expression. Thus, an attempt 
was made to perform initial rate experiments. These 

wene undertaken trom both the direction so: bicarbonate 
denyadration and carbon Gicxide hydration, but problems 
arose due to an unexpected interaction between indicator 


ana bicarbonate. 
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CHAPTER? vi 
INTRODUCTION 
I - A CARBONIC ANHYDRASE 
Gaz bore anhydrase? is a widely distributed enzyme 
that catalyses the interconversion of carbon dioxide and 


bicarbonate at a rate which is one of the fastest known 


in enzyme catalysis, the maximum turnover number being 
about Were so at 25°C. The enzyme has also been found to 
catalyze the hydrolysis of certain esters and the 
hyGration of aldehydes, although this is not presently 
believed to be its physiological role. 

The enzyme was first reported by Meldrum and Roughton 
in eee a year later their finding was confirmed by 
Stadie and O'Brien>. The properties of the enzyme were 
studied as early as 1993" and by 1939 it was shown that it 


was a 2inc-containing enzyme> thus demonstrating the first 


EBaysieloegteal function tor this#metaisjon. 


1-2 b, “oe RUCTURE 

Purification of the human erythrocyte enzyme has 
shown that human red cells contain two forms of carbonic 
anhydrase designated as B and C and cifrering an catalytic 
properties’. Most studies of carbonic anhydrase have 
been made on enzymes obtained from human and bovine 
erythrocytes. The mammalian enzymes are Single chain 


} 
proteins with a molecular weight of jaround: 30,000, 
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and are elipsoidal in shape, about 41x42x55 A in 
dimension with a number of cavities. The essential zinc 
LOM Hs. LOCated in aw 12 5 déep conicals cavity with an 
opening about 10 A in diameter’. This active Site cavity 
msPidentiftied™ by the presence of the Zine son and by the 
fact that inhibitors band there® 

As with other enzymes such as liver alcohol dehydro- 
genase (LADH) and lactate dehydrogenase, the active site 
in carbonic anhydrase is arranged in a beta or pleated 
sheet structure and not in an alfa helix configuration- 
The packing Of the side chains of the carbonic anhydrase 
follows the general rule of “hydrophobic in and hydrophiize 
Owe as in 42] other «clobular proteins Observed so ae 

Human carbonic anhydrase C has five histidine re- 
Sidues within 8&8 A Of sene -active Site Zinc atom at posztlons 
64,94,96,l207 and 119, with those at positions 94,96 and 
ioe peinag laagancs to the active Site zine aon 4 The 
Gatalyric significance of histidines 64 7and 107 1s nov 
known, however, modifying His-64 with bromopyruvic acid 
yields san enzyme with about 30% retained! activity which 
Pes ledeto the Suggestion that His-64 could play an 
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important role as a proton transter egent Eis eel) 
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= His 64 = His 64 


The zinc ion has a fourth ligand that has been iden- 
tified as a solvent molecule resulting in a distorted 
tetrahedral geometry — about the metal. Based on the 
Sm cularecachrOnsmaespecturasOlm thes cCoOid 1) jderivative of 
the enzyme, some groups have suggested that a five co- 
Srdanate. geometry, around’ the high spin Co (fl) i16n ain the 


ee The 


alkaline form of the enzyme cannot be ruled out 
Possibility exists that the 210nization eat the active site 
ySeassocliated with a shzit from 4.to 5, coordination,, the 
latter being the active species for CO. hydration oe 
The water molecule directly ligated to the metal 
Vom 25 saice te be hydrogen bonded to threonine 199 “and 
the fact that this amino acid residue forms hydrogen bonds 
With most inhibitors suggests thet)» 1t plays an active xole 
aan ieee 
Since the zinc ligands are neutral and bind to the 
metal through coordinate covalent bonds, the charge ope 
the zinc ion has been suggested to play a role in the 
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high catalytic efficiency of carbonic anhydrase. <5 /2n 
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can be removed by dialysis of the enzyme at low pH with 
1,10-phenanthroline or at high pH with 2,3-dimercaptopro- 
panel’. The apoenzyme thus obtained is devoid of any 
Catalytic power. ~The activity is wholly restored by 

addi GLon-oL an? and partly restored when Goer enet or 
cag: are bound to the apoenzyme. Other metals have been 
Substituted in carbonic anhydrase but no activity has 
been observea’®, Each of these metals binds at the same 


Pir Ae) 


posiztron as Zn It has been suggested that the 


only properties common to the metals that render an 


active enzyme are the Plexibilaty of their coordination?” 


and the charge in the ‘ee 
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The carbonic anhydrases are inhibited by monovalent 
anzvons, the Strength of inhibition following the 
Hotmerster Series which Corresponds to the order of an- 


20. Anions can be 


creasing negative hydration energies 
listed according to their inhibitory power as follows: 
Sie sce NCON> eSeN > No Gel BEG, > ES ERIe@. 1 > cil 
Recent. work by Y. Pocker indicates that ac pHs 
higher thane?, the mode of anion inhibition changes 
sharply from competitive to uncompetitive for anions 


that have no labile Averoceneae Therefore the bicarbonate 


ion behaves differently following a "linear uncompetitive" 
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mechanism in) which the inhibitory @nion could bind to a 
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Do = D> MECHANISM TOP TAGCTION 

Although carbonic anhydrase was initially purified 
more than twenty years ago and the reaction it catalyses 
1s the formally simple hydration of carbon dioxide, work 
by many groups has failed to produce a generally accepted 
mechanism for its action. 

The wacCtivity Of “carbonic anhydrase around neutral 
PH 1S governed by the ionization of a group with a pKa 
near 7. Two major proposals concerning the identity of 
thas group have been: 1) that its. basic form represents 
either the imidazole moiety of a histidine residue, 
mmairectly or directly Winkee to the essentzal metal aon 
Or 2) “a zine Coordinated hydroxide dea With this in 


mind several mechanisms of action have been proposed. 


so) 


Among them are the following: (metal ion charges omitted for 


Sino wwe eye. 


WyeGeneral base assisted attack) of Zn-OH,*>. (EG az) 
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2) General base attack by HO assisted by Hiss lide Heh. 


et 0 
Bi Seo / a Be? ¥o7 H OH, © I One 
Zn Nae Be oe oer va 
; — Zn-- n (3) 
His 94 ses i oa Guta 
ahh "— NG Naa at ya 
His 119 His 119 His) ts 
+ HCO, 
3) Nucleophilic attack by ZnOH*°. (Eg. 4) 
ale 8) H HO (4) 
} iT SS 1 Zl v2 = 
—Zn:--0 wl 2 oe Saw (Sen OH - 
y oy mee Sas —— go ane0 
0 
4) General base attack by HO assisted by ZnOH-°. (EGia 5) 
1 
= ie wo = > Sy) 
Zn 5 ‘ — sin OH. + HCO. 
J 0 
0 
We Se 


5) * Nueleophilic attack by ZnOH with concomitant proton 


Cranetera (Eq 6) 
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Pocker and ao Have recently put forth a 
mechanism that involves a non-ligand histidine near the 
Zn cs ion, a threonine and the bicarbonate proton as 
Catalyst. Eq. 9 illustrates the mechanism (B represents 
the active site histidine as well as any additional 


intervening H50 molecules that may participate.) 


B 16 H 
: paces | 
gi mas BV ew ete 8) ooreuaier waren Zn— OH 
0 e 
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\ Heo. 
Vea 
E BH 
OH OH 
Ze . + O=C=0 leetecaiaeimeniaame a On 
OH ver 
Sr 
phade— Chi Thg=OH 


The emzyvme ends Up iam its@basic foum with a proton transier 

Step irom surrounding Solvent or buifer to reprotonate the 
oa ; 

enzyme dnd wWoss Of a Water from the Zn completing the 


HCO,” Catalytic Cycle. 


Pesando and Cortes” have disagreed with mechanisms that 
involve a Zn-bound water molecule at the active site as 
the 10ni121n9q group at pH 7 and identified the Group con- 


trolling catalytic activity as an active site histidine. 
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6) Nucleophilic attack by ZnOH assisted by hydrogen 


bonding with Thr 199 and Glu 10628, (Eanes 7) 
0 0 
Glu Glu 
fo) Thr 199 —— —~<0 Thr 199 
106 O---H—0~ . 106 OF a0 
H H 
ey 06 0 
— Nn ee ee 
Sr NG 
on C=0 (7) 
eee a 
© 
H.0 
sae = Thr 199 —— Glu : Thr 199 
c vd 
106 0---H—O N 106 to ae 
H H 
\ ! N ( 
—7n::::00 -Zn-:--0 
a fe yy 
7) General base attack by ZnOH. assisted by Glu 106 
through Thr Oe (EGE 08) 
Toe =e4 ihr 193 as cna yihr 199 
Oe 0 106 OSneeo 
G: 
H I 
: (8) 
Zs Tiqie v(t 
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ey cat C 
05 C= 0 Ai So 
CO. H0 
Be LG slhr 199 pees oly — Thr 199 
Me Oreo — 106 O—# 0° 
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ine protonated amidazole ring of this residue coordinates 
to zinc with increasing pH, losing a proton. Geometric 
constraints on the histidine make this a strained and 
therefore labile metal-ligand bond. However, their work 
was based on the argument that no data exists to indicate 
that the pKa of water can be reduced in solution from 
i527 to, less than, 7 when, bound. to zince | Work sby several 
groups subsequently has shown that the pKa of water can 
be drastically changed in an environment Similar to. that 
OL the Sizyme 

the Catalytic activity Of Carbonic anhydrase as 
consistent with a mechanism in which the deprotonated form 
of an ionizable group on the active site catalyses the 
hydration of carbon dioxide, while the protonated. form 
Catalyses the dehydration Of bicarbonate. Consequently 


turnover of the enzyme requires proton transfer from the 


ACtUuVve Site. to the: SOlUutIOn In Orde tO, regenerate Eke 
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Or equal to the turnover number (i0%s Wig sehosyelepriens gy 


Wie ae Since the interconversion of the acidic and 


basic forms of the enzyme involves an ionization of ap- 


parent pka=7, then by Eg. 11: 
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leas Une cca mei Me i (11) 


This poses a problem since the value of ae exceeds the 
Grriusion) controllederate constants tor proton transfer 


10_ ae ea Inewater at o5G ae In order t€0 


(10 10 
account for the high turnover number it has been proposed 
that the proton transter is facilitated by buffers in 
solution. This hypothesis has been supported by ob- 
S€rvetions Ol a decrease in the catalytic hydration 
activity as the concentration of butters. is decreased” ’. 
These buffers act as proton transfer agents which, when 
present at large concentrations Compared: to col or OH 
enmance catalytic activaty by donating protons toe or 
eaccepring PLOLOnsS 1rom the activity COncrollingsoroup at 
the active site. It is not Known whether this proton 
transrer Occurs Girectly (O17 through intervening amino 
acid side chains or water bridges. Recent observations 
indicate that hemoglobin can provide the required buffer 
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i—ab = MODEL oY SreMs 

Being proteins, enzymes are extremely complicated 
molecules and mechanistic interpretation of kinetic data 
Gerived from them is generally difficult. A complete 
description of the mechanism Of “action Of an enzyme re- 


quires knowledge of several factors such as the structures 
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of the active site and of enzyme substrate complexes, 
the specificity of substrates and their ability to bind 
to the enzyme and the rate constants and mechanism for 
every step of the reaction. 

The study of small molecule analogues of the metal 
binding sites in enzymes appears to offer an attractive 
Opportunity to study the metal based chemistry without 
the protein based complications inherent in studying 
the enzymes themselves. 

Model work can begin only after enzymologists have 
provided information about the structure of the enzyme 
ane ithe Identity cr the groups in theractive site. Once 
this basic information 1S available the next step would 
be t@ Gain understending of the chemistry, olf similarly 
Gisposed small molecules. It should be stated, however, 
thatthe accuracy of the models onlyras good as the 
Structural intormation aveuiabie: =n 

The number Of Giiterent functional, Groups that an 
enzyme can use in the catalytrve process is quite) limited. 
Among them are the imidazole ring, aliphatic and phenolic 
hydroxyl, carboxyl, sSulphydryivand amino groups. The 
problem then 1s (after assuming thesprotein structure as 
not involved) in determining how such functional groups 
Can participate an the reactions -andhow the rates of the 


enzymatic reactions can be accounted for in mechanistic terms. 
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T= _F RECENT MODELS FOR CARBONIC ANHYDRASE 

Model work on carbonic anhydrase has centered on 
the design of chelating ligands which approximate the 
distorted, 4(5)) coordanate active site orewhich, catalyse 
certain of the reactions mediated by the enzyme such as 
CO. hydration, aldehyde hydration and ester hyarolysis’+ 
As one group has stated: "Any proposed model for the 
active site structure and the mechanism of action of 
Carbonic anhydrase should take into account those ex- 
perimental data which are more directly related to the 
metal ion environment"?°, 

One of the recent models for carbonic anhydrase is 
that of Wooley who has synthesised macrocyclic ligands 
eesioned to bind) azine Onuecobalt, 10nyinea reduced 
coordination environment. The complexes of ligands 
li (a-e)mare five coordinate withe4 nitrogen donors from 


the Macrocycle and water as a iaith ligana>®, 


=o Sar Oe 
lb R,=R,=H 
le R,=Ro=Me 

N 

Ro 


Titration of these metal complexes yielded pKa 


values of about 8 at 25°C, which has been taken as support 
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for the presence of the postulated zinc-bound hydroxide 
ion in carbonic anhydrase at neutral pH values. Since 

the model (1:Zn*:OH) catalyzed acetaldehyde hydration at 
a rate comparable to that of the enzyme, the metal bound 
hydroxide has sufficient nucleophilic power to account 

for the enzyme's activity in acetaldahyde hydration 
although not in carbon dioxide hydration for which the 
model provides only modest catalysis. If the same general 


2+ 
n 


Z (OH ) mechanism is to be applied to this latter 


process then some further enzymatic feature is needed to 
accelerate gcie attack Oonucarbon dioxide?’, 

Another approach to carbonic anhydrase models was 
undertaken by Tabushi>® based) on jthe notion that shydro-— 
PhebvcityerSewan integral factor in designing catalysts 
£ Ox Se reemns HCO, interconversion. Two models were 


Seuaied (2 Peak) ino whecheasgcyelodextrin molecule 


affords the hydrophobic pocket with two pendant im- 
jdazoles) doceteduace the! edceveEoubind thes zanc.ioen. 


These compounds proved to be very modest .catalysts for 


CO, hydration with k_.,=16-2 and 166 Mitsi- respectively 


while the value reported for human carbonic anhydrase C 
aS Wes ee The second COmpoundmatrOrds a larger Catalytic 
enhancement probably because the increased flexibility allows 


both imidazoles to simultaneously bind to the zinc ion 


atfording a Gdatterent Coordination geometry. 
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Bertini and co-workers synthesised the complexes 
(Co (HO) (tris- (3,5-dimethyl-l-pyrazolylmethy1) amino) ) 


(Ci 0, )= and (Co(N, ) (tris- (3,5-dimethyl-l-pyrazolylmethyl) 
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4°2 


amane )e) (Ci) 


4)2 and studied their spectral behaviour 


The goal was to investigate the acid-base properties, the 
InbiVvence or water Ceprorenation von the electronic Spectra, 
anavtne possibility of Substitution of the HO or OH 
Group by Other ligands” 

ties ligand (3) was chosen because pyrazelyd -con- 
taining @agands are Known to Stabilaze low oxidation 
States of metals {which sSshoula protect ae and allow one 
water molecule as the fifth ligand. Also pyrazoles were 
assumed to be Similar to imidazoles which are the co- 
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Grarnatinoy Groups 1m Carbone anhydrase 7 
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The model mimics the spectral variations of the 
; + 
cobalt enzyme in terms of deprotonation of a Co? -bound 
Water molecule asia function Of pH ana) thus Supports 


those processes that involve bound H.O and OH . However, 


2 
the model has an extinction coefficient of around 30 
while that of the enzyme has a value of 10-20; Mec ome —— 


ana Showed no catalytic activity in carbon dioxide 
hydration”. 

A quantum mechanical model for carbonic anhydrase 
has recently been reported, According to this gas 
Phase situation the fourth ligand attached te the zine 
HeeCam~wonsadiOxi1ce, and the calculations aneicate that 
Ginrece autack Of the hydroxide 126M on ‘carbom dioxide as 
them an almost barriverless process. In solutaon this 
reacelonm Mas an energy barrier thet andicatesa ditierent 
mechanism. In thos case’ the fourth l2cqand-at tached «to 
Zine, Gam pea NYadroxide 210n. 

In 1980 Brown and SeLweveen’ reported a successful 
model isystem exhibiting Carben Gioxide hydratvomucatalysis 
that also approximated the known zinc binding site for 
Carbonic anhydrase. This model consisted ot “a phosphorous 


atom surrounded by three imidazole entities Substituted 


Metne Aang 5 positicns (4—-ay,b,e). 
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Model 4a formed a 2:1 ligand:metal complex with the 
metal; sO larger Sibstituents. were them iantrocuced in 
Une  seanage> positions tosavoid this. = Previous work ned 
ipdacatedrythat by shaving stwo bulky substituents: (ie 


LSOprOpy] Groups) at the 4 and 5 positions of the three 


imveadzole rings, the bound metal was sufiticiently en- 


Gapsulated toe allow access of only one additional ligana??, 


1 NMR Spectra Of 40 0in methanol-d,/D.,0 as @ function 


’ + ’ 
CrP aneneasing ao showed the appearance of a well defined 


1:1 complex when 4c/in**=1; no 2:1 complex was observed. 


Pichough UV. “Spectra ot 4acand 4b in the presence oF 


CoCl, showed little if any evidence for 4 coordinate 


DPicatien, Culn tie presence sor CoC 1. showed reversible 
formation of a tetrahedral species at increasing pH. 
The 4c:Co** spectra proved to be highly anion dependent 
Feminuscent on the Situation for, the Coamten mee: 
Catalytically 4a and 4b showed negligible actaviecy. 


towards CO, hydration, however 4c:zn** artordedseriivcien: 
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Catalysis for HCO, eee a O 
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between measured pH's of 6.1 and Fear This constituted 


the first catalytically active model that approximated 
the binding’ site for zine in the enzyme. 

ASStucdy of the crystal Structure of 4c:2nCl. revealed 
thats eNe tEradentater coer Ginati1on ato an** rendered a 


Structurally rigid cavity producing severe buttressing for 


bicarbonate ion binding“. This ‘Couladsexplain the low 


catalytic activity observed for the model: since the complex 


would be unable to accommodate the increased coordination 

reguared Lor lagand exchange during the catalytic eyale 
Although successful in some aspects, all models 

studied so far suffer from some problems. The only suc- 


Gessiul modes that "show catalytic actavaity for CO. 
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hydration-bicarbonate dehydration are the ones by Tabushi 
and Eeeenca! The former suffers from the fact that only 
tvewimidacoles are) bound togtne metal in the case Of 2b 
ane the role of the additional bases is debatable, while 
the structure of 2a does not allow both amidazoles to 
Coordinate te the metal. Thus Jattle can be said about 
the mode of action of the model) catalyst compared to 

the enzyme. The latter (4c:2n°") Goes successfully mimic 
anumber Of physicochemical teatures of (the active site 
of the enzyme, but the activity is too low presumably 


, : : : 2+ 
aque to the restrictive Coordination about the Zn 
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The object of the present work was to synthesise and 
to study other phosphine imidazole ligands as models for 
carbonic anhydrase. Compounds 5,6, and 7 were designed 


to provide a an* 


* binding Cavity with greater accessibility 
to the reagents and at the same time enforce low co- 
Ordination at the metal. This was done by substituting 

the bulky isopropyl groups in one of the imidazoles with 

ap Jess restrictive hydroxyethy) group Oo, hydrogen. 

Ligand 6 contains the remote hydroxyethyl group which 

was introduced to mimic the possible interaction of the 
active site threonine group which has been postulated to 


assist Curing the nyadration of COL by the enzyme. ror 


2 
thissmodel an svadditivenal complication must be considered 
Since the 4(5)-hydroxyethyl group renders the two nitrogens 
inecuivealent and therefore provides the possibility that 
non-ideal binding to the metal would locate the OH 
Guoupeim tOO GdiStant a pOSit1on sto provide vany Catalytic 
enhancement. Ligand 7 was designed with the additional 
advantage of providing a more hydrophobic environment 

fOr, tne Catalytic process. »elhiswiligand was kindly 
provided by Dr. Henrika $leboka-Tilk. 


The following represents the findings during the 


COuUnSeTOM this. Study. 
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CHAPTER rl 


RESULTS AND DISCUSSION 


hi) OVNI ESE S 
The three ligands studied were made using the general 


a Thai's consisted 


methnodc Outlaned by Brown “and Curtis 
Cle initwval protection Cf the imidazole nrtrogen by 
2Ormation Of its N= (dimethoxymethyl) or N=(diethoxymethy 1 )-— 
acetal. The original procedure reported for protecting 
4, >-dilsopropylimidazole anvolved refluxing a toluene 
Suspension of trimethy!) “orthoformate and the imidazole 
iim the ypresence Of p=toluenesulfonic acid and removing 
methanol as it was formed. However, this synthesis 
proved to be irreproducible and only small yields of 
the cesired material could be isolated. "Further in- 
Veseigation, imavecatedsthat LOrmicwacid,. (which was present 
ase ame wnpuraty 1, the orlqinale trimethyl. orthoformate 
used) proved to be the essential catalyst. ~Yields in 
excess of 752% can routinely be obtained on a 0.1 M Scaie 
Tie 2eml of stormic acid are added to the reaction maxeure. 
Protection of the other imidazoles did nol presen e any 
further Complications. 

Once the imidazoles were protected, their lithium 
Salts were preparea and these were used to perform a 


nucleophilic displacement on phosphorous trichloride. 


20 


mite 


7 a 


Notte ats goies ahem 200 Frohurs ehaeesk metdt 
Réteisnen ea-t .Sanrsea-- 42 "awed gd Bone 

gd prgcdetir SisS4cspth eta Yo culiearasy ft 
*+ecsgperisysh) 9: wi (Sersaaves’ssciuee® SFi Ve 
UNIRROGATS Fo 24350908 S482-577 Aeetyits oA? 


a 


SVUsSt8? @ saeesiles 49Viowr: <! ace ae Maia or 
Chsdies S22 bos sjesetoses | chrees 1 wien 
ee tvyers? “5 se SEO 5: pans -f 3; (> -gaeenase oes 
Scvedss\< ; oa 4 s. 3) Ge comads - 
; 7 a] 
ee ees WS elas Romy bites nat SS borvesa: 
<8, se43-2> a A Us 77 °@t2@68 @ls © 
eh a | Se oe ee ee ee wt Pag 2966Y 
sett ides w ney Sans 73 —-oraea, Bay: 
wh @@lely (oe sGI 63, fas Gene 
ieee © 2.7 @ 1) So (in 0x 


(14-2658 ary aa 
7 - ae aorseg (een) 


16> €F 912 @8eaEe 


\CTRTNO® WELra8e; S93 32 Ota ord Lio “23h “note BE 
ne ; e 


Toe, S2gG0mG wae 216 a3! << > 09°34, 03 15 So, esas 
7 i 

ho cl ($colimty- teh 2 
metas t PLONE (PY 2Ga 24. we Su 


Stacie. aac ead : 


@@rateeg 42 tadu crqw sees aa Sees once fam, “= 
<stsettcia: BY 29 EGR) a0’ Oessadindya oy 


The desired phosphines were obtained by deprotection of 

the imvdazole and purification of the resulting mixture. 
Scheme 1 depicts the pathways followed for the construction 
of the ligands. The resulting phosphines were recrys- 
talyzed from methanol/water giving overall yields of 


Z0=302 based on Starting material. 
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BINDING CONSTANTS 

In order to be considered good models for the active 
site of carbonic anhydrase the ligands must be shown to 
bind gn-* (or eo) Strongly in a tridentate fashion: 
Ionization constants of the protonated ligands were 
determined by potentiometric titrations, the data being 
analyzed by a computer version of the Simm's method’, 
The metale binding constants (pK 2+) were also determined 
By peteneiemetric titrations and the datamanalyzed with 
Bhewale "Or a computer *®, Tablewi Slisese tnealicand pha 
and a Valwes under two Gitferent, sets of conditions, 

Due to solubility problems the experiments were 
Garriea out in a medium consisting Of 802 ethanol and 
DOe water (V/V). All of the Ligands, studied showed: a 
Greaterm=propensity for ‘bindangezine than cobalt, a proper ey 
they share with native carbonic anhydrase. 

Ouantutative titration experiments on solutions 


st 
consisting of equimolar an* and ligand with 2 equivalents 


of added HNO, showed that all cf the proton 2s accounted 


2a 


wine Lite fs 
_ Werdteie itetir sitio Tosaeh epee 
| . -iearvant Rvisdare <o a 


Oet5ap 047 fen? 06 eo BLS) seen cs “3 2? 168% 


a 


aw Seana Se Gice @Werayi 2 CIs SJ ntives te 
PeaGset s8s7iacs® « A Loaves ee si “* are } 


pet Saree lt 9000 sees 372 ac tseaseise Gi famiee 


ww Sa O03 et) 42 i Sette 


7) xese= ff tes teres 
6 
+ SEetinns 6 ttl & py is r2( vi: 


Tay eS 9 OT Sel etena, 
Omgs SRI ee er 4 "O° S27°¢00RES hoeSeis Saldee owe 


eee 


CS tm omg atlas; 


aS Senet! Sas 625,14 5-2) =* _ — 
_ * ’ = - » © z 
RIS Sere Fe dies eT . 7 | 
ai te a wae 
rae are 7 > ° > Le —), 2 Je oc 2 
om + 1é pat . or 


TAN Wis6tes OAR Ue 2) 82 
o 
; ‘ \¥0) seca G00 


iC eniGase = 22 


2 Gatco ie ™ 2) ies. g° 258° Wis te 


cy reeety 6 18255 pare : 
| 66 tee 7eteayw 7 
se oe, a 


rE C2)6 Gt9en pods 
PIA oy. As ie : 
asi) ~ en L7sTt> Ses resy *teaD 


+ elivtcye = a3) Swerte Sty “we 18420? op Gg sho 
werT4verts @: PIX Voth lo 
Fs 1%) taf? heyatt Rig. 
$. 


- 


Scheme 1 
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for at a pH Jower than the third pkavof the Jigand (i.e. 
by pH 5 for ligand 5) which indicates that a complex is 
fully formed by these pH's. After all of the added proton 
has been accounted for there appears to be an additional 
ionization at somewhat higher pH but precipitation 
occurs before any well defined pKa can be obtained. In 
Grae, to determine the pka Of this new dissociation, an 
attempt to titrate the ligand-metal complex of 5:zn°* with- 
Out added acid failed as precipitation occured by pH 7 in 
the case of the ae Comolexsand ples. so 3m “the casevor Coo 
Therexpectatjaonewas to 1dentifiy an, irenizing Group (2n**-on,) 
Witch Could =be Telated to the activity controlling group 
in the enzyme (which most researchers believe to be a 
metal-bound water molecule). Although the pKa of this 
1onizing group in the model compounds could not be 
Getermined, it should be mentioned that in titrating 
the Cobalt complex of 5, al Stighnepblue color indicative 
@f tetra Orn pentacoordinate cobalt coordination is observed 
at a pH of 8.0 thus affording some evidence for low 
coordination around the metal ion. 

Titration was performed employing two different 
solutions of NaOH since under the first set of con- 


ditions (NaOH ) tonic strength and solvent composition 


(aq) 


were constantly changing. 
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TABLE (tl 
a Se. le ,c,e b7C,e b,de b,Ge 
LIGAND pKa, pKa, pharaeas Eee io Dh ea 
= “ay. 8) * Avol 6.9 9.0 Thea 
6 SO hess * Sian OF we Tice s: Pom 
7 ee 4.4 5) on (eal 
a) As defined ion p.19 
b) Values reported are averages of at least three 
determinations and have a + 0.1 unit precision. 
al 
+ - L][H 
Cyr om) leg hi aan Ka = ae 
5 Rp er 
d) For M** +1 ue Ky = [es i) 
[ML” J 
6) Titration performed with 0.1 N) Nao as described 


(aq) 


in Experimental section. 


* value not directly determined but estimated 
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TABLE 1 (Continued) 


a byc7e Dyce b,c,e b,c,e b,c,e 
LIGAND pKa, pKa, pKa, PK, 2+ PKo42+ 
ee Ee ee ee ee ee ee 

2. <ae* S230 G00 che 1208 
Oo * Sloe) 6. 2 6.54 520.6 


a) 


As aetianed on p. 19 
Values reported are averages of at least three 


egeterminations and havea + 0.) sunit precision. 


+ 
sole pibp Sao) eC ' ee reser Ka = [nity | 
[un] 
2+ 
oem ne 24 [eMise on) (eds 
EO 9M oe es Mis K = 
an a [ML2+] 


Tutiation performed with 0.2 5N NaOH in 80% EtOH 
and 20% water (v/v) as described in Experimental 


section. 


* value not directlv determined but estimated 
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id= CGC) NUCLEAR MAGNETIC RESONANCE (STUDY FOR an“ BINDING 


1 NMR analyses were undertaken on 0.02M solutions of 
each of the three ligands in CD,0D as a function of added 


and zn(C10,). in D.O. These experiments 


alaquers or 2nc! > 


2 


were performed in order to determine whether the complex 
formed between ligand and metal was a rigid tridentate 
complex or if some dynamic exchange (slow enough to be 
detected on the NMR timescale) was occuring and to assay 
the effect of the ligand/metal ratio on the spectrum of 
the complex. 

Figure 1 shows the results obtained for ligand 5 
with added znCl.. When the ligand to zinc ratio is one, 
the Original) pSOpropy Wy signalis shavesbeen replaced with 
broadened resonances centered at 53 ppm.) The rsopropy) 
methine Signals have also broadened and moved downfield 
while the imidazole 4 and 5 hydrogens appear as separate 
Seonals tat veseand 7. 4eppm.  euUrthemeacdition Of zine 
Produces Mo additional changes indicating that tne 
compound exists as a 1:1 complex experiencing a dynamic 


exchange process involving the 1sopropy] imidazoles and 


the Zine won. peLiapsmas In eedrale. 
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FIGURE: } 
“a NMR spectrum of 5 as a function of 


added ZnCl... Resonances centered at 
64.8 and 343 are from HOD and deuterio- 


methanol solvents. 
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R,=Ro=1so-propyl 


X = imidazole 


A Similar experiment conducted uSing aliquots of 
Zn(C10,), gave identical results. 

Bysobtaining the NMR Spectra Ore lagand ss) 1m a0d2 1 
BAtLerw Len ZnCl. at two different temperatures, the 
prcGposSaljof a fast Site exchange of thesdiisopropy. 
imidazoles seems to be confirmed. Figure 2. shows the 
spectra at two different temperatures. The lower tem- 
perature spectrum (O°C) shows a different splitting pat- 
termeton the i1soprepy ] egroups indicating thar, on the 
average, they experience different environments which is 
expected if at low temperature the exchange rate is 
Slowed down. The high temperature (50°C) spectrum shows 
that the isopropyl] groups have been brought into a more 
eguivalent environment since the exchange rate is fast 


on the NMR timescale. 
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FIGURE +2 


1h NMR spectrum of 5:zn°* as a function 


of temperature. Top spectra t=0°C; 
bottom spectra t=50°C. 
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Ligand 6 gives similar results. Figure 3 shows 


that when the Oe 


* ligand ratio, 1S= i731, the di1sopropy | 

imidazole signals broaden out, the methyl signals are 

Centered around 122 ppm and the methine ones around 3.2 
ppm (overlapping with the methanol). The hydroxyethyl 

imidazole signals are comprised of a triplet at 3.8 ppm 
attributable to the methylene unit closest to the oxygen 
atom while two distinct signals at 2.9 and 3.1 ppm. can 
be ascribed to the other methylene unit in two environ- 
MentsS. ) 1nese broadened triplets indzcate two diiferent 
forms of the complex in slow equilibrium (Eq. 13). The 


fact that the 4(5)-hydrogen appears as two distinct 


singlets at 7.2 -and 7.4 ppm tends stowsupport Chas dea. 


Rx 
ay P we — Ter 
2 : (as 
ae one? 


R = CH,CH OH 


) 


Using equimolar Zn(C10,) 5 instead of ZnCl. gives 
results that are quite different. The methylene units 
appear as very broad signals while the 4(5)-hydrogen 

a + 
appears as a broad singlet. Addition of more 2n° shows 


no appreciable changes, SO that the spectrum is indicative 
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FIGURE: 3 


H NMR spectrum of 6 as a function of added znCl.. 
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FIGURE 4 


1h NMR spectrum of 7 as a function of added 


onc. 
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Of van. i complex. = Ihas tends to indicate that the nature 
of the complex and its Gynamic exchange properties are 
Gependent on the counterion. 

Pneesitvationeior ligand?) is qurvescrfrerencecas 
is shown in figure 4. As in the previous two cases a 
i.) complex is formed ana further addition of zncl, shows 
no appreciable change. However, for this ligand the 
methylene units next to the 4 and 5 positions are clearly 
split into two overlapping triplets of equal intensity 
at 2.6 and 2.75 ppm. This is expected if tridentate 
complexation occurs and dynamic exchange on the NMR 
timescale is slow. The rigid tridentate complex that 
forms is, as before, dependent on the counterion and 
when Zn(C10,). is used the NMR spectrum of the 1:1 
complex is indicative of a complex undergoing dynamic 
exchange which brings the 4 and 5 CH.'s resonances into 


a more averaged environment. 


i= bie Cost) ABSORP LION: SPECTRA 
ThewiLact pthat SubsStrcuULLONnTOL ©CO Ul) e1Or- cn Cll) in 


native carbonic anhydrase gives an enzyme that is partly 


active provides the possibility of using the spectroscopic 


Properties Of CObalt as a probe forstne -active site 


geometry of carbonic anhydrase. 
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The Cong ion has a qa’ configuration and preferentially 
forms octahedral complexes although four and five co- 
Ordanavion 15 not uncommon??, The d-d absorption spectra 
of Co(II) are so characteristic that octahedral and tetra 
Or pentacoordinate geometries complexes can be dif- 


ferentiated’®, Generally ,woctanedralsCe(1l)) 3s pink 


(A max. around 500 nm, © around 10 Mie cnaee whereas 
tetranedral cobalt is blue or violet (1 max. = 575 nm, 
Emavoute 200-1006 Mm tem7?). Pentacoordinate Co(II) 
complexes have absorption bands between 500 and 700 nm 
with intensities intermediate between those of the tetra- 
hedral and octahedral species. 

In order to compare the spectroscopic properties of 
the ligands:Co** under consideration with those of the 
Co(II) enzyme, equimolar amounts of CoCl, and ligand were 
combined and the UV-visible spectrum recorded as a function 
Of pH. For ligand 5 this showed" little evidence oft orm 
ation of a 4 coordinate complex. The € max in the 600 


nm region was found to be about 10 Miners rather than 


the ssuseeiues oC oo mw tem? (fa gqures.s.)\ Ligand 6 

behaved in a very Similar manner providing very little 
evidence for a tetrahedral or penta-coordinate complex. 
However, ligand 7 shows a Gdeianite DuliGd up.Oor (a tetra— 


ith eet 
hedral complex between pH 2 and 4.5 (c max = 720 M cm, 
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4 644 nm. at pH 4.5). Above pH 4.5, the intensity of 
the 644 nm band diminishes and the shape changes 

which suggests formation of a second 4 or 5 coordinate 
complex. 9(iirqure 6). Quantitative measurement of the 
consumption of OH suggests that hydroxide is consumed 
during the course of the transformation by association 
with tne: Corll) om by titration of a metal bound water 
anc strom figure. 6 a spectroscopic pKa of around 6 
Can be determined. Precipitation, occurs at pH>s. 
These observations are accommodated in Scheme 2. 

The dependence of the Co(II) spectra upon associated 
anions at pH 6.4 was also studied. Figure 7 shows the 
UV-visible Spectra O15 sine the presence Of added ~anions. 
It can be seen that the maximum absorption at around 600 
nm occurs when the anion is chloride, however, the value 
Of -< max is Still small and therefore most of the ‘complex 
exists im an octahedral form.) Complexes of 6 display 
the same type of behaviour towards different anions, 
however, those of 7 have a higher extinction coefficient 
ineicatingethat there 1s avconsadereable amount ef tetra- 
hedral complex. (figure 8). One can establish the 
following order for decreasing absorption at 600 nm: 


Oi Site > wh Clas 


A control experiment was run with different anions 


and no ligand, the only absorption observed was at 500- 
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510 nm and all anions gave the same spectrum. This 
indicates that the absorption at around 600 nm is due to 
a complexation between ligand, metal and anion. 

The Co(II) spectrum with bicarbonate anion could 
not be determined due to precipitation problems. Therefore 
it 1S not possible to conclude if some of the complex 
formed between ligand and bicarbonate anion exists in a 
tetrahedral form. 

From the above experiments it can be concluded that 
there 1S a strong dependence of the Co(II) visible spectra 
of the ligands under study on the presence of associated 
anions) ligand 7 tends towards tetrahedral coordination 


when the associated anions are halides thus indicating 


thats low Coordinate. 7 -Co(ll) complexessrequire an Aas— 


Sociated anion in at least one of the available metal sites. 


Ligand 5 shows a slight tendency to adopt a low coordinate 
complex structure but the absorbance in the 600 nm region 
is Still very low so that most of the complexes in 


solution must be octahedral. 
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iis Ee CATALYTIC STUDIES 


2+ 


Ine Catalytic wctiviaty Of the zn complexes of 95; 


6, and 7 towards bicarbonate dehydration was studied 


employing indicator techniques?°' > 


in which the change 
‘ +. : ‘ ‘ : 

in [H ] accompanying the reaction is monitored by 
observing an absorbance change of an indicator anion 


= + F 
(A ) whose response to A[H ] is rapid compared to the 
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reaction under study. (Eq: be 
OH pee a m , k, (slow) z 
AH + HCO ee COO CO aT 
3 —S pees 3 1 2 2 


+ ; 
For the present work HEPES buffer held [H ] essentially 
constant so that the reactions were run under pseudo-first 
eke aP : 
order conditions. [H ] must vary to some minor extent 
Since it provides the observable for the kinetic 
analysis but under the appropriate buffering conditions 
ok 
Un l@ean be held ittoglessuthans010 4) pheunit = (Se). 
Under these conditions Eq. 14 can be reduced to a 
= ee 


) ak 
ie 


Simple ‘fLagst order equilibrium situation HCO 


CO. and therefore Kine ls equivalent to (Ke + kK) 


the Sum of all the forward and reverse rate conStants 


which includes those dependent upon the various forms of 


the buffer and other species present in the medium>-. 


TMiremrate Omuchange in [coe can then be given by Eq. 15; 


pee = SCO) ee ee ae ne 
ie dt at 


(alesy)) 


(14) 


= 


ia 
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where A indicates the concentration of indicator anion, 
X and Xe denote the concentration of the product of 
the reaction at time t and equilibrium respectively, 
and ee 1S a meaSure of the rapidity with which egui- 
Piprium 1seattarned™ 

Of the three ligands studied pewas expected to -pro- 
vide a larger catalytic activity than the previously 
Studied 4c since the former provides a more accessible 
Cavity Into which bicarbonate shoulda be able to £17 wath- 
Oue ie (Severe Duteressing anticipated for 4o. Ligand 6 
Was expected to mime the possible interaction of the 
active site threonine OH and, if this were an important 
requisite for the mechanism of action, increase the 
Observed rates considerably- Ligand 7) was designed to 
Provide ) NOt only a more accessible. cavity but also a 
more hydrophobic environment for increased catalysis. 
The three compounds under study proved to be catalytically 
active, however, 6 showed only a very small activity. 


Table: 22 Shows the results obtainederor US faye for the 


Catalysed bicarbonate dehydrationuat different pias. 

iige ebay leno) EtOH/H.O medium, the attainment of 
equplabraum tor bicarbonate: dehydration is va inetatively 
rapid process having an uncatalysed hate Came. O fa0s ote 
leg sec. between pl 6505 and 6.8o9 respectively. (Figure 
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TABLE 2 
kare Values for Bicarbonate Dehydration at 
Different pH's2/P 
= Le Ops) ae ee 
aae® ) ear ) 

NO Cie ase (tan  aiyrane | Ske hea pone 
sah © ieales ey) 168 0 ) 2200 
OOF AA DIKO) ie Jee53 520 ee 2240 
0. 80 TS ahs} O565 45 920 50 2400 
0265 1.03 i Pog 1520 es 2480 
02-45 O27 O2254. sO £200 60 2260 
O.4:2 Oe eis a 0.86 640 AS DIMER) 

802 EtOH/H,0; 25.0 + 0.2°C; 1x10 > M NaHCO,; 2.5x10°° M 


HEPES; 16nie strength 10.2 M (NaClO,); Catalyst = 255 
x 10° 4M when present. 


Followed by monitoring the appearance of bromocresol 


Purple anion at 580 nm, eBer i => x TO meenan 


pH reac cirectly from pH meter with nNexcorrections made 
formtehes ign OnganicacGntent sore tnessolvernt. 


Values of ae c0 03 Suni ts. 


,Obs 7 (k 


cat ans (no catalyst))/lCatalyst] 


(with catalyst)-k oo. 


S333.0rat 90H 
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FIGURE 9 


Kes as fastunction Of pH for HCO B= CO equi! ibration 


eran ee” 
approached from HCO, dehydration. © —" no catalyst; A 
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It can be seen that the largest difference between the 
blank and catalysed reactions occurs with qsazne 4 
followed by Ceci the difference being maximal at pH 
G245—> 0-5. AS in the case of 4 previously reported 
catalyst (4c) *°, the activities of these models are 
Maximal at pH 6.4 - 6.5 and are nearly gone at pH <6 
and >7. The reason for this has been ascribed to pro- 
tonation of the Jlagand at low pH and OH sequestering 
of the ao from the complex at high pH, both processes 
leading to an inactive seceses 


Control experiments were performed by monitoring 
2+ 


the reaction with added Zn but, ne ligand and vice versa. 


im beth cases the values obtained for eave were the same 
as for the uncatalysed reaction so that at these con- 

; + Abner 
Geéntrations neither 7a nor bigand alone facilitates the 
Des 
reaction.  Chancang the concentration of Zn ina ligand 
Containing Solution from 1 tor 2sequavalents produced (ne 

iS 


further change in the value of K ob . These results tend 


EOMSUPppPOrte the 1dea that the catalytically active Species 


25 a l2]l complex between ligand and zinc and that the 
complex as fully formed under these conditions. 

Other control experiments were performed in order 
to test the expectation that the proton transfer step in 
the indicator is fast. These consisted of monitorinae the 


changes in absorbance at different wavelengths after 
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rapid mixing of solutions of ligand-metal complex and 
indicatony in the absence of bicarbonate. Within the 
timescale of the experiment (<20 msec.), only a rapid 


dilution effect was seen thus indicating that the in- 


dicator acid-base reaction is rapid relative to HCO, 


<— D Interconversion. 


The possibility of having a dependence of es on 


bs 


indicator concentration was tested by monitoring the 
reaction With Gifrerene Concentrations of andicator. A 
Similar control experiment had previously been made for 


ae : ; 4 
Se 5 an In which the 2nParcator Concentration was ancreased 


from Spore to oto M with no Change ain k Pou 


obs° 


2+ 
n 


Bree the siguation is the Same since changing the in- 


GvGator concentration by a factor of 2 produced no Change 


2a 


a ea However, 7:Zn showed a definite dependence at 


lew anareator concentrations Since See increased as a 
fonction Of indacator concentration up tora value or 


4 


Dee hows Meatter which 1S. became independent of indicator 


bs 
concentration. A linear dependence on [ligand:zn-"] was 
observed throughout. The solubrlity of 7:an** depends upon 


indicator concentration and at low concentrations of the 


latter osc 


Mi precipitation was observed. This leads 
to ther concul sion thar q:2n°*, (ands Probably sthe other 
Tigands as well,) forms a complex with the indicator the 


nature of which is unknown. Thus the possibility of the 
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catalytic species being a complex of ligand-metal-indicator 
Cannot be ruled out... Unfortunately it is impossible to 
Perirorm a control experiment without the andicatorm since 
there would be no observable property to follow. Attempts 
were made using other indicators but these were fruitless 
due te; solubility reasons or to, the «fact. that the acid=— 
base indicator ranges were outside the accessible pH 
Yange wan this highly iWrganie medium. 

Since carbonic anhydrase activity seems to depend 
Sm Ene weonGentration of butters for 1s shin. Lunnover 
nomber> an experiment was performed with 5:zn** 
decreasing whe butter concentration by ja factor, of 2. 
This produced no appreciable change in the values of 
eee Unitortunately further changes: could mot be studied 
Since these led to large variations of pH during the 
kametic runs and therefore didy not give meanangiul 
results tor a 


+ + , ; 
Sance SubpsSti tit onsen Co? 1 OG an? in the native 


enzyme leads to an enzyme that retains some of its 
activity, an accurate model might be expected to show 
2+ Za eek Hoeeee 2+ 
Dothan and Co aACtiVA tye pale wasmrounds Lhat the 7:C0 
complex does show catalytic behaviour and shows about 60% 
+ : 
GE the: activity of the ane complex. By taking 


! 2+ 
advantage of the fact a low coordinate, o:Co complex 


should, if formed be detected spectroscopically at 
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~60C0 nm, an experiment was performed by stopped flow 


5 


to try to detect transient formation of a tetra or penta 


eat : s sees 
Mixing a Solution Of 5:Co* with another containing HCO 


coordinated bicarbonate-metal-ligand complex. However, 
this could not be detected under these conditions so that 
no conclusion could be made from this experiment. 

tnewlact. that all of thesexperiments aveuriun ina 
highly organic medium (802 EtOH/H,0) led to a study on 
the effects of solvent composition on the rate of the 
reaction since this could be partly responsible for the 
Cetalycis Observed. Licand 5 proved suitable ror 
this purpose since it would dissolve in solutions of 
Varying ethane! content (60;7,.70,80 and 90% EtOH/H.0). The 
results of the experiment are presented in Table 3 and 
indicate ie imnereases from 60%. to. 802 ELOH. (Control 
experiments were performed on solutions that contained 
mo ligand Or metal, and differed only in alcohol content. 
No change in ene was observed in these solutions. There- 


fore a more alcoholic solvent apparently increases the 


Catalytio effect or the complex. 


The vertect of Catalyst concentration on ee was 


assayed by measuring es at the Optimal pH for the 


S 
Iigands-as a function of ditterent complex concentrations. 
Table 4 shows the values obtained for ligand 5 at pH 


62450ana from figure 10 1t can be ween that a linear 


relationship exists between catalyst concentration and 
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TABLES 3 


Effects of Solvent Composition on k are 
fo) 


bs 
obs Cac = 
60 07686 258 
70 02,90 896 
80 Ue Bies 1549 
90 1s 1734 
25 + 0.2°C; 1x10°°M NaHCO,; 2.5x10°°M HEPES; 


Z0ni¢c Strength 0.2 M (NaclO,); Catalyst (5:2n°*) = 


2.5x10 /M when present. 


Followed by monitoring the appearance of bromocresol- 


purpleganion at 580 nm, “BCE = 5x10 4m. 


Values for k +0203 sun cs. 
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ere for ligands 5 and /. A thirdvligand,. 4c, which 
has been previously reported?” is included for comparison 
Purposes. From the slopes of the lines in Ficure 20, 
the relative Catalyeie «ratics of Tone 5:2n°* and 4c: 
Cie ews Ne 

Without knowledge of the nature of the active species 
it is difficult to ascertain what features are important 
for rate enhancement in a given case. X-ray crystal- 
lee¢raphic analysis of 4c:zn** ee indicated that the three 
avisoprepylamidazoles encepsuiate the dee ion an such a 
restrictive way (Eq. 16) that the exchange of x reactants 
wieem 1s lakedy anvolved during the Ccatalyere cycle; at 


the Temalning metal Site (s) would produce -a> 5-coordinate 


Gomplex which 2s “severely buttressed: 


= [oad 
Vos 
= isopropyl oH 


x = diisopropylimidazole 


Gy) 
ee 


Since at least one of the postulated mechanisms for 
Carbonic aye cee involves an association of both HAO 
(OH) and CO, in a 5 coordinate complex during the cat- 


alytic cycle it appears likely that one important feature 
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TABLE 4 
; 2+ : We) 
EOtects Of ligand: Zn Concentration on Sain Lore, 
(eS 
[Catalyst ] Kare 
= 
One5o sc k0 One 
ceo 0.96 
Dees Om 108 
ao here ene 
4 
ee 0 Wace 
-) 80% EtOH/H,0; 25.0 + 0.2°C; 1x10 "M NaHCO,; 2.5x10 “m 


HEPES; #onie strength 0. 2M (NaClO,). 


.) Followed by monitoring the appearance of bromocresol- 


purple anion vat 580 nm, BOP = 5x10 °M. 
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ECU) 


Kee EOL HCO, = CO, equilibration as a funetion 

of [catalyst’. 80% EtOH:H,0, 0.2M NaclO,: 5x10" in 

bromocresol purple indicator; 1x1077 M NaHCO 250m 
+ 

alias AS i ece” Tevireerh Gane (ae anckce 


Bae .n4o57 ZY 5:2n27, pH 6.55 


2 


4.0 [Cat] 
HCO3 + H* ———» Dehydration 


3.6 

D 
3.2 
2.8 


2.4 
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Mae 


a ne 6 8 10 12 14 
[Cat}x 107M 
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in any of these model catalysts should be accessibility 
Of the reagents tothe metal surface. “Assuming that, 
4c:2n** has such a restrictive cavity then substituting 
one of the diisopropyl imidazole groups in the compound 
Wathwal less bulky group: to: form 5:zn* should produce 
a cavity with greater accessibility of the reagents and 
at the same time retain low coordination numbers around 
the metal. Since 5:zn°* 1s more active than 4c:2n°*, 
the expectation seems to be borne out, however, the 
increase in ae is not as large as expected leading to 
the conclusion that some other factors may be involved 
im Catalysis. 

Even though it contains a hydroxyethyl group that 
was expected to mimic the activity influencing threonine 


OH group associated with the enzyme's active says” 6:Zn°* 


proved to be less active than 5:zn°*, The NMR spectrum 

OL 6:Zn-" Clearly indicates that the hydroxyethyl group 
Can be. close to the ee (as would be required for mimick- 
img the possible interaction of OH in, the: catalytic 
process). “However, the observation Of minimal activaty 
tends to indicate that none of the species present 1s 


extremely active and theretore evidence cannot be 


provided for hydrogen bonding assistance in thi samededs 
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The tact thatacne 7:2n°* complex iS more active yet 
Can be rationalized by considering the greater flexibility 
of the ligand n-propyl groups as compared to the isopropyl 
Ones. Sihis could lead to a Greater accessibility to: the 
metal surface. in addition, from a molecular model of 
the complex it can be seen that many of the possible 
GOniormations extend the n-propyl] group further inte 
the solution producing a slightly deeper hydrophobic 
POCKET in which the catalytic event can occur. “That the 
activity is larger tends to support idea that hydro- 
Phopoecity Ws ean Amportant catalytic requirement. 

Since monovalent anions are known to inhibit the 


1, 


aGrivaity Of Carbonic anhydrase noncompetively for 


COn hydratiom and “competitively stor HES ~ dehydration, 


2 3 
studies were undertaken to test whether they also di- 
Momashed the activity of these catalysts. The experiments 
were performed at the optimal pH value for each compound 

ee Zz ; : 
abcurmerdata fOr so. 2) and 7:Zn are given in Table 5. 
TE can be concluded that, these anions are; anhibitors 


2+ 45 . 
- However, with increasing 


asenea been, found for 4e.2np 
- 2+ 2+ 

[A J Laas values for both) a¢ Zn and 7:2n asymptotically 

approaches limiting values higher than those observed 

for the uncatalysed reactions. This could indicate 


that a ternary complex is formed between catalyst 


and anion and that this vcomplexwisesti ll catalytically 
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TABLE 5 


Effects of Added Monovalent 


a 


Anions on k : 
obs 


ah 
[S:2n7*] = Sax 407M. PH = 6 ae 

[Anion ] 

(Catalyst t] Nacl NaBr Nal Nano, 
OF0 143 1.43 1.43 143 
Oise) 298 —— ae =< 
a0) Ga7T9 1.04 Bt AES mS, 
5.0 0.78 -- -- -- 

Paes) 
[7:zn°"] = 5 x 10°°M, pH = 6.45° 

[Anion] 

[Catalyst] NaCé. NaBr Nal Nano, 
G20 Quek Pek Paeesag RSS Aa 
0.4 1.6 sere 195,94 iL Ashe} 
(oem) 15-4 = oid aid 
1.0 = tne == 1.48 
Los 10'S SS Se, ee 
ak @) -- dis4ip == role 
50 08 dees Ss Tae WU 1.49 


aneconditions as GCehined in Tables 


; ; -l 
b) Uncatalysed ene Invarvaaniowath anion concentration; 0.70 5s 


c) Uncatalysed ine invariant with anion concentration, 0-80's 
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viable. No effect of added anion is seen on k for 


obs 


the uncatalyzed blank reaction. 
Equation 17 represents a simple scheme to accommodate 


the results from the inhibition experiments. The fact 


2+ 


that the values of Ko fox 7:Zn (Table 6) increase 


bs 


with bicarbonate concentration even in the presence of 
Cl indicates either a competition in which the in- 
hibitory anion can be displaced from the zinc by increasing 


bicarbonate concentration or that a new active ligand 


2+ ~ 
AND Ne 


However, the scheme becomes complicated due to the 


coordinated complex is produced (A -Zn 


fact that bicarbonate has’ beem shown to be an inhibitor 


for the enzymatic CO hydration“* and could behave in a 


2 


Similar fashion with these ligands. 


+ 
ae tk : ae kone) 7 
A Gi gree cole —1> A Peznae =HeO 4 A +L:Zn+CO,+H,0 


NA ES : k 
"| a a) 
kK |); eal Ke iP 
WK =e 
7 ue 
k A k 
2a = a 4. 2 5 . 2+_- 
Ls2n :A +HCO L:Z2n _ SSS ain” A sHeOocrisl© 

cS ae ay aco, peek. yg 


A study was undertaken to determine whether changes 


in a way which might be indicative 


in NaHCO. affected Ko 


3 bs 
of a saturation phenomenon. Table 6 provides the data 

a : ; 
obtained for Seonae aan?" and 4c:2n* at their optimal 


rate pH values. 
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TABLE 6 


Effect of [NaHCO, ] 


[NaHCO,]x10° serene P 
Sr 10°™ 

4 

no Sx 10M 

(ol Cre 

0.95 0.63 

-- 0.65 
5 0S -- 

10 120 0.69 
17.5 kG -- 


Conditions as defined in Table 


in the absence 


(oe eae 


Ns) = 
is aonvariant with [NaHCO, ] and 


in the absence 
obs 
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DNe@=range OLrsCOncentration, of HCO, over which 


these experiments were performed is quite limited due to 
the fact that lower concentrations of bicarbonate ion 


produced a very small change in absorbance, while higher 


concentrations than the ones used led to pH changes of 
Q2lwunies or more during the kinetic runs making the 


values of ie meaningless. The fact that in the absence 
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On plucgand Ko Goes not depend on bicarbonate concentration 
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tend to verify that some interaction is occuring between 
bicarbonate and ligand and that this accelerates the 

attainment Of equalibrium for the reaction. By plotting 


3 J\Pveure lio, a nem diinear plot is obtained 


Wiwemcoula be taken to be andicative Of Some Sort of 


ee WS. [HCO 


Saturation phenomenon. 


The traditional approach to enzyme catalysis involves 
the Michaelis-Menten model that takes into account the 
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to. form the noncovalent ES complex which can then Either 
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to Starting mecenialor ss The steady state assumption 
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enzyme)". Unfortunately the scheme depicted for these 


Catalysts cannot be fit to the Michaelis-Menten model 
and any attempt to simplify the equations by the Briggs- 
Haldane assumption is invalidated since the substrate 
concentration was similar to the catalyst concentration. 

Up*to ‘this *point “all kinetic studiesmreter sto; the 
value of raise which as previously stated is a summation 
of forward and reverse rate constants. The mathematical 
treatment could bessimplrvined Disthe sreversi bile ty of 
the reaction is suppressed by studying only the first 
few percent when the concentration of product tends 
E@yzero. 

Initial rate experiments were performed in an attempt 
to obtain independent values of ke and kL. These were 
eonducted from both) the cdehydration ane hydration idi— 
rections by evaluatinca the slopes of absorbance vs. time 
plots ton the first S52 of sthe meactiom (atter eliminating 
thesf£2rst part of Ehe Curve corresponding té6rthe mixing 
Or the seactants..) 

These experiments were performed following the pro- 
cedures of DeVoe and Kistiakowski and Gibbons and aeveeelo 
Porecalculation Of the ont tlale race Ole tne snedct ion it 
aso necessary, to know the eftect Of the vaddition of ay 
ions on the absorbance of the buffer-indicator system. 
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between these two quantities is to titrate an aliquot of 
buffered indicator solution with acid or base and de- 
termine the absorbance change. The slope of the plot of 
(His) ycemaAbsorhsncemouges nccuas cher busrer factor =. 
The buifer factor may also be calculated for a given 
System assuming that the andicator does not contribute 
Lo the buriening Capacity of the solution*®. 

For dehydration of bicarbonate the rate of disap- 


pearance of bicarbonate ion or appearance of indicator 


' : + 
anion can be expressed as in equation 18a where a[H ] / 


C (ADS...) is the aforementioned experimental buffer 
factor 
(18a) -da[HCO,7] =a hala) urd (Abeses a ain | = 
3 = tt = = SCO". =k, [HCO, J 
Spgs at at =a CRS) hl 
a (Abs ) afn ] - 
(ASS Lek 580 . 7 CO) 
f a d (ABS, 5p) cee 


Table 7 shows the results of the determinations for 


+ 
bicarbonate dehydration with 5:27 petthne other, lrgands 


showed similar trends). Figure 12 displays the results 


while Table 8 shows the results obtained for CO. hydration 


2+ 
LOy  o:72n 
ae ; 
In the absence of added ligand or oe Peeisteca Ss 


observed that the apparent kg is invariant with increasing 
[icon a. However, the results obtained in the presence 


of ee show that Ke is reduced even though ere remains 
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EIGURE 12 


Le (open symbols) and apparent ky 


aswa stiunction OL winielaLl [NaHCO,]. Dashed horizontal 


(closed symbols) 


lines represent Sane determined with no added catalyst 


at pH 6.45 °and 6.55 while the two continuous mori zoncer 


lines represent apparant ke in the presence of sali 


M zn** alone, pH 6.45. 808 EtOH:H,0; 0.2 M NaClO,; 
Boma M bromocresol purple; A pie © MOREPES 
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FIGURE 12 
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unchanged from that seen in the absence of mae This 


observation requires for kL to -anerease, in order to 


Maintain a constant value of Use and this leads to the 


bs 


unlikely conclusion that the HCO. — Co 


3 — 2 equilibrium 


2+ 


constant is changed in the presence of Zn but in some 


way independent of the zn**/[HCO,”] Yatio. In the 
presence of iigandegn- | the observation appears to be 
that K actually diminishes with increasing [NaHco,]. 


even though ee is increasing. These results lead to 


bres unii kel yy Conclussaom cheat Sag in the presence of 


Catalyse Lor HCO, eae CO. Varies as a runction of 


[HCO, ] and that in the high concentration limit lies 


more to the side of bicarbonate even if the bulk of HCO,” 


in solution is not associated with the complex and should 


preceed to, CO. at the) same rate as whem the catalyst is 


2 


not present. ) Furthermore, the values of ke obtained for 


CO. hydration show, only ayslignteinereases as a function 


(ope [co,] that, does not accountescr the trends ain Le 
This could be Gue te an eExperiamentalearticact and thus a 
Closer study of the method employed was undertaken. The 
following information was thus cbtained: 

ily) tsyehire apse have noted that the buffer factor 
changes to some extent Guring the course of the reaction 


but this can be minimized by using buffers and indicators 


that have nearly identical pH values. 
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[NaHco, ]x10°m kn dies) Initial Rate eae ae 
x10 (M.s71) 
Se eee Oe eee ee ee ee ee 
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bp) Kk Values s+ :0/03% 
obs a 
c) ke values for uncatalyzed reaction=0.57 a. 
d) K values in the presence of 5 x Ma” chloride anion = 
e ) ke Galculated as in eq. 18b. 
fie values In the presence <of le (no ligand) = "0.25 ST 
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2) in aqueous solutions buffer factors can be calculated 
if the exact pK's of the buffer and indicator are known 
as well as the change in molar extinction coefficient 
between acidic and basic forms of the indicator. However, 
Since the solutions required here for catalyst solubility 
are Prghly "Organic ini mature, the mutter tector must be 
determined experimentally. 

Visible absorption spectra of buffered solutions 
Containing BCP, Zn(C10,). and NaHCO, were monitored as 


x) 


aerunceyon sor «Sina ll walvauots «On sHeLo Figure 13 shows 


4° 
that once equilibrium is attained the maximum absorbance 
emanges occur at 600 nm reflecting (as expected) the 
change in BCP anton concentration. Control experiments 
imaicate that the varzous butter and andicator equilibria 
are established rapidly. However, in the presence of 
NaHCO, spectral changes depend upon time since the de- 
Pyveration process takes about. 10 isee § te attain equirlib- 
r auiT 

A stopped flow experiment was performed in which 
absorbance vs. time points were taken at various wave- 
lengths. Figure 14 shows that when two solutions contain- 
ing indicator and metal and HEISE are rapidly combined the 
maximal absorbance changes are at 570-580 nm (which is 


the wavelength used, tO monitor Lhesreaction) sthus @in- 


G@icating that a transient intermediate 1Sstormed and that 
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PGR 13 


Visible absorption spectra showing the equilibrium 


Srruatron= fom bDuttereq) Solutions! Of BCP as alrunctl1on 


of added 11 aliquots of 0.1 M HC10,. (2.5x10°° ™ 
HEEEC 25.1009 MiBer. Sess cme eM 2n(C10,)5; [NaHCO,] 
initially 2.5x10°° M; 0.2 M NaC1O,; 80% EtOH:H,0. 
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FIGURE 14 
Transient absorption spectra of a buffered solution eRe 
zn(C10,).~ and HCO, after rapid mixing with a buffered 
solution of BCP (same initial conditions as in, Figure 


liswasea func eLoneot time). 
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it has different spectral characteristics than the BCP 


2+ 
and Zn complex. These observations preclude the exact 


evaluation of Ke under the conditions employed for the 


Kinetic Studies since the burfer factor of the indicator 


3° 


must be stressed however, that the values obtained for 


is therefore dependent upon the presence of HCO Tt 


See are still valid since this is a measure of the 
rapidity with which the entire system attains equilibrium 
and its value is independent of wavelength. 

Based on the experiments performed and the limi- 
tations mentioned above only a qualitative discussion of 
the system can be presented. A very general scheme has 
been devised tovaccount for the different results. 
(Scheme 3). “Since there Is evidence that indicates that 
at pH's and anionic conditions where the catalysts show 
thers Maximal activities in premoting ico CO. 
equilibration, the complexes are undergoing rapid ligand 
exchange, several forms of the complex must be present 
im solution in a’ dynamic equilibrium. gins order to keep 
the scheme as simple as possible, only three of these 
forms are presented in each column. This shoula nowjpe 
interpreted as a dismissal of other forms which may be 
Catalytically active. The major distinction in pros 
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molecules as well as the state of protonation of the 


Ligand. 


Disassociation of an imidazole not only increases 


accessibility of species from the solution to the an?* 


but could provide a closely situated base to assist in 
proton transfer (a role that some groups have assigned 


to His Bie S., When present in solution, HeOns can 


associate Withvany (Om ali) of thescocordinared nataee 


Species to form a set of ternary complexes (column III) 


Promewniachn expulsion Oo: CO. occurs. Formation: of 


2 
Born Ont species is suggested after CO. elimination and 


this undergoes reprotonation to yield a metal bound HAO. 


Inhabrtory anions tend ito perturb the e€quidabria 


+ - 
towards the U:2n- -A ternary complexes. These not only 


have perturbed acid-base equilibria of the ligand-2n**-x,0, 


but also resist displacement by HCO ~ both factors leading 


3 


to reduced Catalytic activity. 


Ui § GCONCULSIONS 

My The three phosphines Studied bind Jin a asl 
relationship to zinc. The complexes of two of them (5 & 6) 
experience a fast dynamic site exchange Of the dirsopropy! 
imidazoles on the NMR timescale while that of the ia) gig fei) AUN) 
Seems to be a rigid tridentate complex. The complex formed 


by ligands 6 and 7 is highly dependent on the counterion. 
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2) The complexes catalyse the equilibration of HCO, 


2 2+ 2 2+ 


—- CO. in the order 7:2n Sherr Pa Hedy Ay 6) *>6:2n 


= 

3) These results are consistent with the idea that 
Steric factors are important in the design of models for 
carbonic anhydrase since ligands 5 and 7 accelerate the 
reaction more than 4c which offers a somewhat more re- 
Stove tuve —Cavity. 

4) The presence of a hydroxyethyl group in compound 
6 does not accelerate the reaction as would be expected 
if this group approximates the threonine OH which is said 
to be important in the enzyme catalyzed process. This 
observation could be due to the fact that the hydroxyethyl 
group could be on the distal side of a bound imidazole 
Or that the hydroxyethyl imidazole itselit was not bound. 
1 NMR experiments on the mode of Te banding py 6 
showed that the imidazole 4(5) H shifts to lower field 
in the presence of gn-* as expected if the imidazole is 
associated but broadens considerably indicating some 
dynamic process. However, since the activity exhibited 
by ‘ee Ot is much lower than for 5:2n-" it cannot be 


2a 
contended that any of the configurations of 6:2Zn is 


tremendously active. 


5) The system used to monitor the reaction cannot be 
used to determine initial rates since there appears to be a 


short lived intermediate complex between bicarbonate and 


the indicator used. 
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6) The next step in constructing a carbonic anhydrase 


model should be to increase the hydrophobicity of the 
Cavity by having Gdibterent groups substituted to the 


imidazole such as phenyl and other substituted aromatic 


groups. 


CHAPTER iI 


EXPERIMENTAL 


Pit A SYNTHESES 


Routine IR and 1 NMR spectra were obtained with a 
Nicolet FTIR spectrophotometer and a Bruker WP-80 spectro- 
meter respectively. Mass spectra were obtained on a 
MS-50 spectrometer. 

All the ethereal solvents used were distilled from 
Na and benzophenone, syringe techniques were employed 
throughout. For n-Bu Li reactions, this was titrated 


prior to use (absolute ethanol, phenantrolene indicator) 


and flasks were oven dried and nitrogen flushed. 


Biny lsobutyrate 


. 55 
This was prepared by the procedure outlined by Vogel’, 
Sp oielGeninte qekKegs aoe ebbiclel), Sh sus pteuent May ule 
(Semi 62.5 (LH, mip eon. 2 \2h,¢) A2erd, Gos. 
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The procedure of Snell and McElvain> was employed. 


1 
BapemoG © ¢) 27/7 > mm; meee” b.p. 80-86-C_¢.12 mm);" )H ONME 


(CDC1,) BOmg) (6H dole en Oly Gna meoe se wilt IN)tymeo 2 a7 emul A) ae 


DO 
Ao iv (Gliteya wegie (Glsinenha —fekeukel Yisoths (skier 70%). 
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4,5-Di-iso-propylimidazole 


This was prepared by the procedure of Bredereck and 


Thelig?’. M.p, 212°C (1it.°’ m.p. 213-214°C); ‘H NMR 


(GDGIV )s Ol 3) (12H, Oy, soo. l CoHaM)t OT Dentlh, Ss). YLeld 


3 
o7 t. 


N- (dimethoxymethy])-4,5-di-iso-propylimidazole 


A procedure similar to the one reported by Brown 
and Curtis’- was followed. 20 q. (0.134 moles) of 4,5- 
di-isc-propylimidazole were mixed with 250 ml of toluene, 
SoG. (0.54 mol) of trimethy] orthotormace and 2 ml 
formic acid. The mixture was heated until no more methanol 
was distillable from the reaction mixture. Excess solvent 
and orthoformate were removed by rotary evaporation and 
the resulting red solution was filtered into a flask 


containing 1°g Na.CO,. The mixture was vacuum distilled 


Cavinge4no. oO 72.0 Ss Overall yield) (ene yield 80?) 


Cfethewdesi red, product, b.p.. ol. Caee0. 3 smn mae ben. 


06-1006 G0. 5 mm); mE NMR (CDCl) Orie ee (2 Hie anos 


(Diem cose. 25: (OHS) © 5 7 OnE, S epmacm se OOH, Si. 


N- (diethoxymethy]) imidazole 
The procedure of Brown and Curtis’? was followed, 
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Bis- (4,5-di-iso-propyl-2-imidazoly1)-2-imidazolylphosphine (5) 
TO va ered sOluti1 On Of. 1 6.86. Go a0074:MOl) en tresh Ly 

distilled N-(dimethoxymethy1)-4,5-di-iso-propylimidazole 

in 150 ml dry ether held at -40°C was added via syringe 


Ae Sema ens Ol 47nomOl Ao iol eo OaN n-Bu Li in hexane at 


such a rate that the temperature did not exceed -40°C. 
After the addition the resulting yellow solution was 
Stirred an additional "20 minutes and then cooled to -60°C. 
This solution was then transferred by syringe to a second 
PlaAskmecontalnincgma Stir a nom soll tl OMG sg. (OMCeH. mo le) 


Freshly caustilwed: PC le “in SOsmigdr ye THRealso snelcrat 


3 
-60°C. The rate of addition was adjusted so that the 
temperature in the second flask remained at less than -55°C. 
After addition the mixture was allowed to come to room 
temperature overnight with stirring. In the morning in 

a third flask the anion of N-(diethoxymethyl) imidazole 
Wasipreparea by addition Ote od 7eml s(0.0o2 moln nn t.Or, Ik G5 
in-use to 16. og. Cfethe "imidazoles (0.052emol-) ain 

150 mie dry THR held at e-40.C> Arter the mixture was 

stirred for 20 minutes to ensure complete deprotonation, 

it was transferred by syringe to the flask containing 
chloro-bis- (N- (diethoxymethy1)-4,5-di-iso-propy1-2- 
imidazolyl)phosphine held at -40°C. The resultant 


coral-colored mixture was allowed to come to room 


temperature and stirred over the weekend. 


7 7 


: Pp, > 
+ LTee @¢ pireat Seti] : ow 
oe 


ee = 7 - - - 7 
ABheeageentig eae tn -: ~ reo carpe 
vitaeed, .(fos 6¥0.0) .o 38.22 30 @esulee cette @ GF 

sistabichivuo: pS s~ih-€,.6-( (eesaniien*santb) ae 


my 


‘ 
, © 2 » Te 7 o-~ 
PuStye @:7 “inoa sow 2°46— 6 Bled e450 e728 Ig 


76 snavad 72 it i.8- “ol 29 fy leq CeteeOh Ee Se.88 


. i. 
tm oJ] ch SS Giat @& Age“ 


peu fee «el: : Wy° att c3zitTcs=e@ sts 4eFdta 


a 
Sais ‘SJoaiD Js CEno Petite ne Better - 


: 
a 
hus 

- 

b 


a 
568. € oz wih f “eB Laee Z * sa¥ @erevicy sint — a 


2.0) & EL.8.3 | Atte «© Geass «gest Os 
~ 7 


‘Viet O8es © Yah im os Settseeie @iaagey 
« many =e tts 8n site - _a ae* 
f= 4 A Seitpen (el? Sntase ay €t rue ate gre? «. 
ae i? om GP S*wetlss @ae 74 v Sy We “eh ee OSes seska 
| 
' myer. oly mei 7 (26 t584 ¢. 
.S300s4) ’ Fur ee eee oe } ¥ ga @e¢es (as 
7.2) Se legit a ; i J 
= 6.2) ,»git een! ane’ Sra 
iba QIREXeT ; - 38 Ay ey 


ote pavea>s Segal? ecr «as « 


-We 06 O@rneretees, 66 
Se fie ~~ Loe 2 on o4 Yu ° ww 7 ce ? 
* ~ef ee a, = ¢ & >. eh oe - 3 581 


Re 0s) a i eer bie 


7 


_ 


anal 


=) 


78 


Workup of the product was carried out by extracting 


the reaction mixture with concentrated NH,OH, separating 


the Organic layer, and removing the solvent by rotary 


evaporation. The NH ,OH layer was extracted with 3x100 ml 


CHC], and the combined chloroform extracts were stripped 


of solvent, the residue being combined with that from 

the ether layer. Final deblocking was accomplished by 
refluxing the combined residues with 150.ml of 1:1 methanol: 
water for "45 minutes. “After ‘cooling the mixture, 7.0 ¢q: 

of yellow powder was collected by filtration and washed 
Wren ether to yield 479 of the crude product.” Reerystal-— 
lization was effected by dissolving the crude product in 
methanol and adding water until the solution became turbid. 


Raver ,etrigeration tor 245 hours; 3..6.Gg ef pure procuce. 


(overall yield 24%) were obtained, m.p. 194-195°C; 1 NMR 


(CD 0D) Ciel 240,70 Of C)i, Ose GSll, Wye Ci le (2S rete ie 


Calica, Lor Cc C7 6s. 00H, G25 UN 2a OU Ff OUMnG .&,.62.-o00 


Ue 
HO8239"°N, 20.98. Mass spectrum m/e calculated for C54H34 
Weed 00n 25045, ound 40072504 "rR (CGl cast). —2e99r 4d, 


6 
2801.78, 2596.9, 1237.8 cm ?. 
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Bis- (4,5-di-1iso- 1-2-imidazolyl)-4(5)-hydroxyethyl-2- 


imidazolyl phosphine (6) 
S711 Of N-dimethoxymethy1-4,5-di-iso-propylimidazole 


(0.038 mol.) in dry THF was converted to the 2-lithio 


44 sass oa aie ypalotes bas. wan 2 


ia Geese civ: Garrar! cs, se¥ 7298S 00 oY ane ost nin 
iad taal SIS & ITI ios ina Merely Eee sabe Sas tit 
noel PRIS Atiw i awitescr eee! eitilesp cee) 

C2 ‘Senvitquecs eeu csi -sfde 124)%! cTeyel sete 
(iguesioee taf 19 (4 $f! sie 4e fixer £42)qbed wile 
6 OO yameeele 403 enitecs ag] aseyrmie @9 102.20] wv 
Samiayv bite coosrtersi' == 23.143? i40 # ie Yatacg weitere 
-LesaviseD BeGtSte 4205 =i “S-@°' Q24e a? sedse- saw 

V¥tys 708584) afi "-J53i5 1S Seruntie Oa goreaeskt 
*SicIas sieved @5itvise xis Sutre “rayet Seicha ie ianppigeg 


—_ ery Pies 2O-5 bt . oxen? Le toh i) 2eceel vias: reat 


NAA (LING) F391 tPA. £253. fb be hhh ees (43,0>) 
Ste Dy Graer geet ae 7998.58.27 a, 45%, .7 400 eplaoe 
pte. 7s evan: 25 Se “whiz 2eay 9005. 086 3 ; 
De ee ae fi .2020.000 ico egee. bee oP 
 @04k .37 uit 


= ¥ ae a 


ve 


a9 8 2 pices Ans ~ 


MSasS AMA LN Gor yer t~ 36% 3 ~ 4425 niin oy . 
MEA AAS 8 Gateeinss saw PAR oe 4.0) 


. - 


a A 


rae 
Oe 


79 


derivative by treatment with 24.7 ml of 1.56 N n-Bu Li. 
The anion was then added via syringe at -60°C to 2.72 9 


(0.019 mol.) of freshly distilled PCl, in 100 ml Gry THF 


3 
at such a rate that the temperature did not exceed -60°C. 
The mixture was allowed to come to room temperature over- 


night with stirring. In the morning, 19.0 ml (0.029 mol.) 
Off. S6eNon-Bu Li waseaddecetoes 700g M0029 mols), of the 
cycle vamide acetal of 4(5)-hydroxyethylimidazole© 
(SEVVeEture 48 in Scheme J) in, 000ml adry THR cooled: te 
-40°C. The resultant red solution was stirred at -40°C 
for 20 minutes and then transferred by syringe to the 
contents of the first flask which were cooled to -40°C. 
The mixture was allowed to come to room temperature over- 
night Giving an Orange-red solution that was stirred an 
additional 24 hours. Workup consisted of evaporating 
thessclvene @ndsacding botheChel ance JOU mri oOr 


3 
concentrated NH,OH. The NH,OH layer was extracted with 


4 4 
chloroform and the combined organic layers were washed 
with saturated NaCl. After rotary evaporation of the 
volatiles, the crude residue was refluxed with 100 ml of 
1:1 methanol:water to effect deprotection. Evaporation 
of the methanol yielded a brown paste that was dissolved 
in dichloromethane, the insoluble material being filtered 


off. Evaporation of the solvent left 7.2 g of a brown 


solid which was triturated with ether to yield 3 g of 
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a yellow solid. Recrystallization from methanol:water 
as for 5, Gave 2.0 Gg of pure product) (overall yiela 22.7%) 
m.p. 187-188°C,; 1 NMR (CDC1,) Olio (24H, CG) p02. 7 one 
3.25 (6H,m), 63.78 (2H,t), 66.91 (1H,s); Anal. caled. for 
C53H35N,0P:C,62.16;H,8.39;N,18.91. Found: G,62.09;H,68 239; 
N, Lee 2eee iRe (GHe] 


1 


1389, 1059 cm ~; Mass spectrum, m/e calcd. for C..H,-N,OP: 


2376 
444.2771, found 444.27. 


Bol —) SB POTENTIONETRICE Ts TRATIONS 
1.) pKa Determinations 
These were performed in a jacketed cell kept at 
2omteOwl Ch MALE wase exci udedetromsthescel] sbyebubb ling va 


stream of nitrogen (purified by bubbling through a solution 


of Ba(OH).~ and an 80% Ethanol and 20% water solution) 


2 
through the solution. The pH was measured uSing a 
Radiometer TT2 titrator and PHA 943 B titration module 
in conjunction with a Radiometer GK2402B combination 
electrode. The pH was recorded as a function of added 
0.1 N NaOH (prepared by dissolving NaOH in water and 
titrating the resulting solution with standard HCl) 
delivered by a radiometer ABU 12 autoburette, on a 
Radiometer SBR 3 titrigraph. Commercially available 
standard pH4 and pH7 buffers were used to calibrate the 


pH meter at the beginning of each series of experiments. 


The ionic strength was held constant by using NaClo,. 


3 Cast): 326.68 (bY )56296).29, 25097751461, 
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However, under these conditions the solvent composition 
and ionic strength are changing as the titration is being 
carried out. In a second set of experiments this was 
avoided by using 0.2 N NaOH, prepared by dissolving 

a commercially available DILUT-IT analytical concentrate 
in the adequate volume of an 80% EtOH - 20% water (v/v) 
solution, The pH meter was calibrated by preparing Tos 
and none M HC10, solutions (titrated with standard 
NaOH) in 80% EtOH - 20% HO with enough Nac1o, to make 
them 0.2 M. in ionic strength and assignina values of 
PH 1 and pH 4 to these solutions. For all of the above 
solutions 95% Ethanol was purified by simple dis- 
tillation at ambient pressure and was assumed to be 


the right concentration. 


Water used for these experiments was triply 
distilled from permanganate. 

Data were analyzed with a computer version of 
Simm's ane’? Reported pKa's are the average of at 
least three determinations. Typically, for the second 
set of experiments, the cell would contain 1 ml of 0.025 M 
ligand in an 80% EtOH - 20% HO (v/v) solution O2)°M in 
sodium perchlorate, 3.2 ml of a stock solution of 80% 


ELOHe— 20% HAO (v/v) 0.2 M an sodium perchlorate, and 0-8 


2 
ml of a 0.117 M solution of HC10, in 80% EtOH - 20% HO 
(v/v) with enough NaClo, to bring the ionic strength 
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2.) Metal Binding Constants 


Stock solutions of Co(II) and Zn(II) were prepared 


from their reagent grade perchlorate salts and were 


standardized by Murexide>” or EDTA®? titrations. Glypicaliy, 


a two fold excess of ligand over metal was titrated as 
above and the data analyzed with the aid of a computer 
program supplied by Prof. R. Breslow of Columbia University 
and modified to be used on a Commodore PET 4032 micro com- 
puter. the ordering for metal stability constants ice 
form the Jigands ances stucy «1Secm( line omco (im). No 
second binding constants are observed for these compounds 
(as expected if the substituents encapsulate the metal 
SvLti ciently to inhibit 27) ecomplexation). ) The values 
reported in Table 1 are the averace of three determinations 
for both sets of conditions: 

Be) oe COMPLexe li trate; 

80% ethanol:water solutions containing 

equimolar amounts of ligand and metal and a known amount 


Of NitGric acic were titrated with NaoOl (021M): 


III - C NUCLEAR MAGNETIC RESONANCE STUDIES OF Zn(II) 
COMPLEXES: 
Typically 4-5 mg of ligand were dissolved in 
Eom Of methanol-d, and microliter amounts of either 


OR25M Zn (C10,), or znCl. in D.0 were added, a spectrum 
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being recorded after each addition. The spectra were 


recorded on a Bruker-WH-200 Fourier Transform NMR 


Spectrometer. 


tino] Dy -Cotliy UV=VISTBLE. SPECTRA 

These were recorded with a Carey Model 210 spectro- 
photometer using 1 cm cells. In a typical experiment, a 
solution of 80% ethanol:water containing equimolar 
amounts of ligand and CoCl, was placed in one cell and 
the spectrum recorded against a reference cell containing 
80% ethanol:water. The ionic strength was kept at 0.2 M 
by addition of NaCl. Spectra were recorded as a function 
of pH which was changed by adding microliter aliquots 


Oranaoh to the cell. 


Pit n=eE CATALYTIC OSTUDIESS OF co. HYDRATION AND HCO,” 


DEHYDRATION 

Solutions consisting of 80% ethanol:water were used 
for kinetic runs to ensure solubility. Determinations 
were performed on a Durrum-Gibson stopped-flow instrument 
thermostated at 25+ 0.2°C. Absorbance vs. time traces 
Weremdigitally stored withsagi>) (model@1024—C Transient 
Recorder having 8-bit resolution. Data manipulation 
and calculations were performed on a Commodore PET 
Model 4032 microcomputer interfaced to the system. The 


Loa values reported are those calculated by fitting the 
obs 
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absorbance/time data to a standard first order exponential 


model using a non-linear least squares technique®?, The 


values obtained are the averages of 6 to 10 determinations 
taken at each given set of conditions. 
CO. solutions were prepared by bubbling CO 


2 
an 80% ethanol:water solution for one Hours. The 


throug 


Goncentration or co. was determined®* by adding a known 


volume of the saturated solution to an excess of stan- 


Gardized Ba (OH) 5 solution®? containing BaCl The 


2° 
resulting solution was back-titrated against standardized 
HCl using phenolphthalein as indicator. Solutions of 
lower concentrations were prepared by dilution of the 
stock solution: 


Solutions of NaHCO, were prepared by carefully 


3 
weighing the anhydrous salt and dissolving it in an 80% 
ethanol:water solution whose ionic strength was main- 
tained constant at 0.2 M by -addition Of the appropriare 
amount of Naclo,. 

Since neither co. nor HCO,” have eaSily monitored 
spectral properties, well established indicator techniques 


21,28,50,64 he change in [H ] accompanying co. 


are used 
By Gica er On O7 Heere dehydration is monitored by observing 
the absorbance change of an indicator anion (A ) whose 


response to AC Hae) is rapid compared to the reaction 


Sstudved .(60. 1.4). 
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Appropriate buffering conditions were employed (2.5 
=2 
x10 “M HEPES) such that during the course of the reaction 


the pH change was less than 0.05 units. Under these con- 


ditions the reaction reduces to a typical pseudo first 


order equilibrium reaction: HCO. ne CO., and the 
3 ie Z 
rate of change in [Hco, ] (or rate of Ehange Tne (A) 
as Given Dy EG. lo" 
=j(/ HCO, j — dice.) -djag] _ 
3 Pi = Masel ll eS (ky, + oe x 


at Sate at 
where X and Xe stand for the concentration of the product 
of the reaction at time t and equilibrium respectively>? 
Typically, an experiment was performed by placing 


3 


a solution consisting of 1x10 ~ M indicator (bromo- 


2 M HEPES, enough NaOH to obtain 


ecresolpurple), 5x10- 
the desired pH, and the appropriate amount of Naclo, to 
Maintain a constant Lone "strengen of O72 °M “in one drive 
syringe. The second drive syringe contained a solution 
Cf bicarbonate brought to an ionic strength of 0.12 M 
with Naclo,. The solvent in both syringes was 80% 
ethanol:water. After rapid mixing of equal volumes of 


both solutions at 25°C, reaction rates were monitored 


by observing the change in [BcP ] at 580 nm. Control 
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experiments in which no NaHCO, was added to the second 
syringe showed no change in [BCP ] other than that 
attributable to dilution after initial rapid mixing 

thus indicating that the various acid-base equilibria 
were established rapidly relatively to the reaction under 
study. 

20 eassess the effect of (added catalyst on Rohe! 
different concentrations of the phosphines and equimolar 
Zn (C104). were introduced into the buffer containing 
Syringe. Catalyst solutions were used immediately after 


preparation since they exhibit diminished activity on 


Standing for prolonged periods, this can be attributable 
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to decomposition of the phosphine as CGiscussed in the Appendix. 


im Order to obtein a value for the forward rate 
constant, initial rate experiments were made monitoring 
the reaction in both directions. For the dehydration 
reaction the rate of disappearance of bicarbonate ion 
Or appearance of indicator anion can be expressed as in 
Eq.18a where G(AbS._,)/dt is the rate of change in 
measured absorbance at 580 nm and a[H”1/d (Abs, 90) is 
an experimental buiter tactor relating the changes in 
absorbance to changes in Gee 3): 


-d{Hco,-] _ -a[w”] _ afa] _ a(abs,,5) . a[u] 


ee caeee ite ent t eetit cele decorate eens (18a) 
ae ler, eke dt d (ADS. 99) 
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Since the solutions employed in this study are 
highly organic in nature, and the concentration of in- 
Gicator is large enough to have substantial buffering 
capabilities, the buffer factors were determined under 
experimental conditions by rapidly mixing the buffered 
indicator solution and a second solution containing 
known [HC10,] im 802 “ethanol:water, 0.2 M in ionic 
strength and then determining the final absorbance. Plots 
of ree VS. ABS, 59 are linear over the range ese to 
ieee M in ioe the slope being the experimental buffer 
factor. Initial rates were then determined under identical 
conditions by measuring the rate of change in absorbance 
ate 580 nm over the tarst 5¢ Of the reaction. Eqs, 28b 


Gives the evaluation of ke. 


+ 
ea bce oy oC RHE / 
eee 580°’ at d (abs...) (18b) 


[NaHCO], 

To cGConrinm the possible formation of a transient 
intermediate in the presence of bicarbonate that rendered 
the evaluation of ke as meaningless, transient visible 


absorption spectra vs. time were obtained by stopped flow 


measurements which give absorbance vs. time plots as a 


sBOpaonehKobe, Tepe Nee Typically a buffered solution containing 


BCP and Zn(II) would rapidly be combined with one con- 


taining HCO, and the absorbance changes for the first 
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few seconds of the reaction would be monitored at elbieec 
ferent wavelengths. 

To assess the effect of inhibitory anions, their 
Na’ salts were introduced into the syringe containing 
buffer, indicator and ligand and values of Kons were 


Getermined as above. 
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APPENDIX 


The imidazole phosphine compounds used in the 
present Study are known to be acid sensitive. Unpublished 
observations by R.S. Brown indicate that when tris (N- 
(ethoxymethy1)-2-imidazolyl)phosphine is refluxed with 
HCl, P-C bond cleavage occurs giving imidazole as the 
Pproguct~<. The mechanism of this process is’ believed to 
involve initial protonation of the imidazole which 
eventually leads to cleavage of the P-C bond. This 
observation led Brown and co-workers to develop an 

46 


easily removed protecting group for imidazole ©< 


Other observations Of the phosphine compounds in- 


3 
eguildabration changed as a function of time. It 


adveated=thaththe catalytic activity observed for HCO 
—— CO. 
was noticed that when solutions stood overnight, the 
observed catalysis decreased and reproducible results 

could only be obtained with freshly prepared solutions. 

An NMR experiment was thus performed in order to 

follow the possible decomposition of the ligands that 

could account for the observed diminished activity. Ligand 
5 was chosen to perform the experiment since the X-ray 
structure of a crystal obtained by slow diffusion of an 
ethanol solution of the compound to a water solution of 
ZnCl. showed the formation of a ligand:zinc complex in 


2 
which the phosphorous has oxidized with expulsion of one 


95 


detec lawygd .selecazes Shee mt as was wee 
| Het? oo. tet stesthal mew 2.8 4d © 
AG Bgealiar 23 pa Logendgt Lyfoseh bat-s- 
G42 30 sinseliai gelvig etaceo eterpeds 
BS BEV (es 01 Seeger? Git? Is Laelia oF 
asig@y @taraécs: a4) ie sdkiubartne (ncotas tem 
aot je S-4 Gt 2b > tere 8 chart aie 
= Gelmvet *3 Steisor-so Bry cenee ape oth 
 "epastbies sox 7uSrTe se roesey Soveesy 
“0h Tef.OGTS Ariséioit ois 5h Eeirerigecs vadso 
ee Met, 6 ec Ye e ~aJbisrws oi apd Besar 
qt .e@38 tf entis ¢ “SeTeas vs. IRveslcpe gOD , Say; 
oes ,2PAiqee@ Lette ennts 1.08 age 4a erred ’ 
es el ee ee ® “66097396, 6.Baletrs 
- Ce@t2niCe-. YCLERETS vitae.) Scie <janksde 64 vias 
a2 s0hen as St:02%:2> «one ew “7 OSetepé tir4 ch 
"ne? eOha@il af? 10 wiaesmyee OR einen 24: tat 
SUGIiS~) (00esee Lmininzci® © cotyeta wid Be -tru9 738 we 

“03-6 @0( eedts, Tosaisegy Vs hia tlle 
ne- 19 epaacIlis wale d SeadsSps wie ee 

in’ =lapie 12244 @ Co Lescaras fs. 

AS. 2a 090s) aatki:94:2. 6 is aie 
ee 12 2tleieges draw beritsuc pad i 


- : i 7 . . 


on ; 


: 


96 


of the imidazole substituents. (Figure 15). 
The observed compound is a derivative of phosphinic 


acid (HP (0) OH) and could presumably be formed in two 


Steps (Eq. Oahee 
i] Ww [0] i] " OH = ' i] = 
RR'R'P =——=y RR'R"PO ———> R'R"PO.H + R (233) 
Or H.0 2 


dhesiiyrst step could be the facile oxidation of the 
phosphine which can then be nucleophilically attacked by 
either hydroxide ion or water with concomitant expulsion 
of the best leaving group. 

As stated before the decomposition of the imidazole 
phosphines 1s a process catalyzed by acid and when zinc 
ion complexes with the ligand this could have a polarizing 
erfect that could lead to a decompositaon similar to the 
one observed with ae 

In order to assess this, a solution of Rasen © M 
HEPES in 80% ethanol:water was used as solvent for 5. 
Typically 4.4 mg) Of athe ligandawere dissolved in 075 mi 
solution and an NMR spectrum was taken at different time 
intervals. Worassess the effect of sthe zinc, solutions 
OL ZnCl. and Zn (C104), were prepared in D.0 and enough 
Wasmadded to ther lagand Solutions in,order towhavera i771 
iiganad:metal ratio. “The 9=6 ppm region was monitored. 


for any signal corresponding to an imidazole 2-H that 


would indicate decomposition. 
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FIGURE 5 


Meray stuucture of Bis-(4,5-di-iso-propy1l- 


2-imidazolyl) phosphinic acid:2nCl. 
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The ligand containing solution showed only one sharp 
Signal in the 9-6 ppm region corresponding to the 4 and 
5 hydrogens of imidazole, this remained invariant with 
time. The ligand: ZnCl, solution showed one broad signal 
at /.4-7.9 ppm Corresponding to the 47.5 protons of 
imidazole; however, after 48 hours a new peak started 
eomageve lop downitielda from the original signal at 7.7 ppm 
which was interpreted as a 2-H from an imidazole that had 
been displaced from the phosphine. 

Conversion of phosphines with good leaving groups 
and phosphine oxides into their corresponding phosphinic 
acids has ample literature precedent®’, In general, 
the departing alkyl group is the one having the lower 
pKa and therefore more capable of supporting negative 
charge. This would explain why it is the simple imidazole 
rather than a diisopropyl imidazole that is cleaved from 
oF 

The decomposition Of 5 in the absence of Die 
proceeds very slowly (except under highly acidic con- 
Gitions) so that the metal ion is in some way catalyzing 
phew process. | Ihisscouldeanvolve a Lewis acideas- 
sociation of an-* andeimidazole to assistetne Patterss 

2+ 


leaving and/or nucleophilic attack of a chelated Zn 


(OH ) on the phosphorous as in equation 20. 
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